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1. Introduction 

The study on UE power saving for NR [1] considers methods to reduce power consumption in the CONNECTED state
The objectives listed in Study Item Description are: 

a) Study UE adaptation to the traffic and UE power consumption characteristics in frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving
(Note: existing UE capabilities are assumed for UE processing timeline)
i) Network and/or UE assistance information

ii) Include mechanism in reducing PDCCH monitoring, taking into account current DRX scheme

b) Study the power saving signal/channel/procedure for triggering adaptation of UE  power consumption characteristics

2) Study the UE power consumption reduction in RRM measurements in synchronous and asynchronous network deployment [RAN1/2]

3)  Study the enhancement of higher layer procedures for UE power saving   [RAN2]
a) Study the enhancement of  UE paging procedure based on the additional power saving signal/channel/procedure

b) Study the enhancement of  UE power saving procedure in supporting efficient transition from RRC_CONNECTED to RRC_IDLE/RRC_INACTIVE mode  

The RAN2 group has not yet spent time much time on this study.
At the RAN2#105 meeting in Athens [3] the following agreements related to Connected mode DRX were made:

=>
-RAN1 can focus on the design on the signal/channel.   From RAN2 perspective, the power saving signal/channel scheme is considered jointly with DRX.  RAN2 assumes that the WUS scheme is linked/associated to DRX.   RAN2 should study the impact to c-DRX. 

-
RAN2 assumes that RAN1 will downscope the solutions as soon as possible

At the RAN2#105bis meeting in Xian, [4], the following email discussion was initiated, [105bis#27] [NR/Power Saving] PDCCH skipping (CATT) [6]. 
In this document we will elaborate on the UE adaptation to traffic scenarios for connected mode DRX operation. We also briefly discuss PDCCH skipping technique, but the details are discussed separately (i.e. RAN2 email discussion on PDCCH skipping) [6].
2. Dynamic DRX in Connected Mode

In connected mode, the UE needs to monitor the control channel prior to uplink or downlink data transmissions. This operation may comprise configuring connected mode DRX (C-DRX) parameters, including DRX cycles and inactivity timer values. These parameters are, however, configured at RRC level, which compared to the quick scheduling opportunities within NR (layer1) that are in the order of milliseconds, are much slower. Further, RRC configured parameters may typically be configured at connection setup, but they can also be reconfigured over time. However, the network may not be able to change the RRC configuration as dynamically as the UE traffic may change. 
As a result, the UE monitoring of control channels may not be tailored towards its current traffic pattern and buffer state, resulting in a large amount of time spent by the UE waiting for potential data unnecessarily. In practice this means that the UE may spend too much time and energy in the “on duration times” during connected mode DRX and during the inactivity timer.

Observation 1 – Static or semi-static configurations of both C-DRX cycles and inactivity timer values can result in high power consumption. 
In RAN1#95, it was agreed to study power saving schemes with UE adaptation to the DRX operation, including dynamic DRX configuration in which parameters could be dynamically adapted to the traffic arrival. We consider the objective of introducing dynamic DRX configuration is to reduce the UE “idle” PDCCH monitoring, particularly when there is no traffic between the UE and network.
Further, in [2], it is described that the power saving scheme for triggering UE adaptation to DRX operation is to configure the power saving signal/channel before or at the beginning of the DRX ON duration to trigger UE waking up only when there is DL data arrival, and the go-to-sleep signaling is used as the indication allowing UE going back to sleep state after completion of PDSCH reception during the active time.
It is also stated in [2], that power saving scheme with UE adaptation to the DRX operation is for  further study. It includes Wake-up signalling, Preparation period, Go to sleep signalling and also the constraints on scheduling DCI during DRX active time.
To facilitate a UE performing dynamic DRX operation, we propose a layer 1 based dynamic signaling mechanism where the configuration of the inactivity timer and DRX cycles in connected mode can be easily and quickly adapted based on the traffic for the UE or network conditions.

Proposal 1a: Support physical layer (L1) based dynamic signaling to adapt C-DRX configuration in response to traffic. 
Proposal 1b: Support RRC signalling to provide initial configuration-set of multiple DRX configurations, which later on one of the configurations is selected/re-selected based on L1 signalling, e.g. DCI based.
The enhanced configuration of the inactivity timer and DRX cycles can be provided by additional parameters in the control signal and/or a new type of control signal. The gNB transmits a new power saving command either immediately after the data transmission is finished or after scheduling a (uplink or downlink) data transmission. This control signaling basically indicates when and how the UE should enter its power saving state (off state).

There are a set of DRX configuration parameters as part of RRC configuration message, for example DRX Cycle, onDuration-Timer, drx-InactivityTimer, drx-RetransmissionTimer, drxShortCycleTimer, longDRX-CycleStartOffset, and drxStartOffset. Updating those parameters via the control channel may not be feasible as the payload size may be tremendously large. We consider the power saving command represents a subset of the above parameters or an index indicating a new set of parameters. This allows the UE both to have a quick adaptation of its C-DRX parameters to traffic conditions and to perform such adaptation with a small amount of required information in the power saving cannel. This would be possible if the UE is configured with two (or more) C-DRX configurations by RRC signaling and a simple switch command is signaled by the layer one power saving channel. 
Proposal 2: Support subset of parameters to be included in physical layer (L1) based signaling to dynamically adapt C-DRX configuration (e.g. the inactivity timer and DRX cycles) in response to UE traffic. 

Proposal 3: Support an indication in physical layer (L1) based signaling to dynamically switch to a new set of C-DRX configuration (e.g. the inactivity timer and DRX cycles) in response to UE traffic.

Below we analyze the behavior of the C-DRX in connected mode to support the above proposals. Through examples we discuss which subset of parameters are beneficial to be dynamically changed when the traffic pattern or network condition changes, when enhancement of DRX configuration is the objective.

As shown in Figure 1, a UE in C-DRX may experience one of the following possible cases: 

· Case I: no packet arrives when the UE is in sleep (buffer is empty), but a packet arrives when the UE listens to the channel at the expected “on” duration. This, consequently triggers the inactivity timer.

· Case II: no packet arrives when the UE is in sleep (buffer is empty) and no packet arrives when UE listens to the channel during “on” duration. 
· Case III: a packet arrives when the UE is in sleep state (there is something in the buffer), the packet is delivered later to the UE during the next “on” period. This, again, triggers the inactivity timer.
It needs to be noted that the length of the sleep time can differ depending on which case the UE is in. This directly impacts the probability that there is something in the buffer.
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Figure 1 - UE behaviour in C-DRX. For simplicity all type of sleeps, i.e., micro sleep, light sleep, and deep sleep, are shown as sleep.
In both Case I and Case III, depending on the UE traffic arrival characteristics and network scheduling/conditions, there is a possibility that a packet arrives during the period where the inactivity timer is still running. This leads to re-starting of the inactivity time. 
In Figure 2(a) and Figure 2(b), we show this behavior for two traffic scenarios, IM and FTP, respectively. Both scenarios are modeled according to Poisson distribution with packet arrival interval of 2000 and 200 msec. More specifically, the Figures show the probability density function (PDF) of UE going to sleep at time t after the inactivity timer is triggered. The vertical lines represent the DRX-cycles. The C-DRX configuration parameters are selected according to parameters proposed by RAN1 for calibration purposes, i.e. for C-DRX of IM scenario, DRX-cycle, on duration and inactivity timer are selected as 320, 10, and 80 msec and for FTP as 160, 8, and 100 msec.
 
[image: image2]
Figure 2 – Probability density function (PDF) of going to sleep at time t, if the inactivity timer is triggered, for IM (a) and FTP (b) scenarios. The vertical black lines show the DRX- cycles.
As can be observed, in IM where the traffic is more sporadic compared to FTP, the probability that the UE will go to sleep after the inactivity timer is triggered for the first time is about 96%, this means the probability that the UE goes to sleep after expiry of the inactivity timer  without receiving any packet is about 96% for IM. This means that the probability that a packet arrives during the period where the inactivity timer is running is very low (about 4%) and basically during inactivity timer the UE consumes power by just listening to an idle channel. For FTP type traffic, the probability that the UE goes to sleep after the inactivity timer is lower and about 60%. This means that the probability that the UE listens to the channel without receiving any packet is lower compared to the IM case. 
From these observations, we can conclude that the functionality of the inactivity timer is more useful for non-sporadic-type traffics (such as FTP) than for sporadic ones (such as IM).  A natural way is to confront this is to set the inactivity timer to a lower value for sporadic-type traffic. This, however, directly influences the sleep time and the probability of packet arrival time during the sleep/on period.
changed based on traffic conditions.
Another important consideration is that the contribution of inactivity timer and on duration, in case I to case III, to energy consumption within one traffic condition might be different. On the other words, from the total percentage of the energy consumed on PDDCH-only channel monitoring (92% for IM and 96% for FTP), we need to know how the percentage of time (and thereby energy) spent on case I, case II-and case III changes based on traffic conditions and packet arrival buffer status. This important as give us an understanding which subset of C-DRX parameters need to be re-configured. 
To give a better picture, we show in Figure 3 and Figure 4 the PDCCH-only time distribution of the UE spending in case I to case III. for the two FTP and IM traffics. The reference point represents the parameter settings corresponding to the calibration scenarios. We show how the time distribution and the level of idle channel monitoring in each of the cases varies if the inactivity timer changes and compare it with the reference C-DRX parameter settings. We particularly show this by using two different inactivity timers when the buffer is empty and when there is something in the buffer. 
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Figure 3 - Time distribution of the UE spent in idle channel monitoring for FTP scenario
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Figure 4 - Time distribution of the UE spent in idle channel monitoring for IM scenario
As we can observe from Figure 3 and Figure 4, the dominant source of PDCCH-only monitoring for both traffic types is when the UE experiences case III. From these observations and our understanding from Figure 2, it can be said that reducing the inactivity timer to a low value or even zero and then setting the “on” duration to a lower value can be considered as preferred parameters for IM-type traffic. For higher traffic like FTP-type, it is more beneficial if we reduce the inactivity timer.
These preferred parameters can be indicated to the network through UE assistance information.
As mentioned above, currently the re-configuration of the C-DRX parameters is only possible through RRC signaling. It is therefore important to allow a layer one signaling for C-DRX parameters re-configuration during the active time where these parameters can dynamically and also in a much shorter time period be configured. As discussed above, the re-configuration can be done selectively to a sub-set, either by indicating their actual values or by an indicator. 
Proposal 4: The power saving command is used to include a subset of parameters (e.g. inactivity timer, DRX cycle) of the RRC configured DRX configuration.

Proposal 5: The power saving command is used to indicate a switch between two or more C-DRX configurations based on traffic conditions.

PDCCH skipping is a L1 based mechanism were the DCI is suggested to be used to indicate that a number of PDCCH monitoring occasions can be skipped during the ON-duration period.
We think that PDCCH skipping has benefits on the short time scale related to one active time of a C-DRX cycle, while C-DRX re-configuration may be another procedure based on DCI with a slightly longer time scale.
Observation2: PDCCH skipping has benefits on the short time scale, as a complement to DCI L1 based C-CRX reconfiguration.
3. Conclusion 

This document has considered the following power saving adaptations for NR.

The document then makes the following observations and proposals:

List of observations and proposals.
Observation 1: Static or semi-static configurations of both C-DRX cycles and inactivity timer values can result in high power consumption. 

Proposal 1a: Support physical layer (L1) based dynamic signaling to adapt C-DRX configuration in response to traffic. 
Proposal 1b: RRC signalling to provide initial configuration of multiple DRX configurations, which later on is selected/re-selected based on L1 signalling, e.g. DCI based.
Proposal 2: Support subset of parameters to be included in physical layer (L1) based signaling to dynamically adapt C-DRX configuration (e.g. the inactivity timer and DRX cycles) in response to UE traffic. 

Proposal 3: Support an indication in physical layer (L1) based signaling to dynamically switch to a new set of C-DRX configuration (e.g. the inactivity timer and DRX cycles) in response to UE traffic.

Proposal 4: The power saving command is used to include a subset of parameters (e.g. inactivity timer, DRX cycle) of the RRC configured DRX configuration.

Proposal 5: The power saving command is used to indicate a switch between two or more C-DRX configurations based on traffic conditions.

Observation2: PDCCH skipping has benefits on the short time scale, as a complement to DCI L1 based C-CRX reconfiguration.
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